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Transition metal oxides exhibit various competing phases and exotic phenomena depending on
how their reaction to the rich degeneracy of the d-orbital.1–3 Large spin-orbit coupling (SOC) re-
duces this degeneracy in a unique way by providing a spin-orbital-entangled ground state for 4d
and 5d transition metal compounds.4–7 In particular, the spin-orbital-entangled Kramers doublet,
known as the Jeff =1/2 pseudospin, appears in layered iridates and α-RuCl3,8 manifesting a relativis-
tic Mott insulating phase. Such entanglement, however, seems barely attainable in 3d transition metal
oxides, where the SOC is small and the orbital angular momentum is easily quenched. From exper-
imental and theoretical evidence, here we report on the CuAl2O4 spinel as the first example of a
Jeff =1/2 Mott insulator in 3d transition metal compounds. Based on the experimental study, includ-
ing synthesis of the cubic CuAl2O4 single crystal, density functional theory and dynamical mean field
theory calculations reveal that the Jeff =1/2 state survives the competition with an orbital-momentum-
quenched S=1/2 state. The electron-addition spectra probing unoccupied states are well described by
the jeff =1/2 hole state, whereas electron-removal spectra have a rich multiplet structure. The fully
relativistic entity found in CuAl2O4 provides new insight into the untapped regime where the spin-
orbital-entangled Kramers pair coexists with strong electron correlation.
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2The spin-orbital-entangled Kramers doublet has emerged in the 4d and 5d transition metal compounds
with the t52g configuration due to a large atomic spin-orbit coupling (SOC) assisted by moderate electron
correlation. It has also brought about a variety of novel phenomena, including a 5d analogue to high T c
cuprate in a square lattice,9,10 topological insulators,11,12 the Kitaev model,6,8,13–15 Weyl semi-metals,16
axion insulators,17 and so on.18 It is interesting to ask how the spin-orbital-entangled state behaves under
strong electron correlation.19 However, this question remains hypothetical, simply because no transition
metals can possibly possess both large SOC and strong electron correlation simultaneously. If we take large
SOC strength as a prerequisite for the spin-orbital entanglement in the t52g configuration,
20 the intriguing
strongly correlated Jeff=1/2 state in real materials seems impractical. Recently, a spin-orbital-entangled
state has been proposed for Co2+ environments, which is yet to be confirmed experimentally.21,22
A simple atomic t52g model, in which the five electrons occupying the triply degenerate t2g-orbital are
under strong Coulomb interactions, can shed light on how to realise the strongly correlated Jeff=1/2 state,
even with small SOC. A nonzero SOC within the atomic t52g model favours the Jeff=1/2 doublet as its ground
state.23 Therefore, strong electron correlation and the narrow bandwidth of d-orbitals with preserved cubic
symmetry are a simple recipe for the crystalline realisation of the atomic t52g model, and thus, for the
strongly correlated Jeff=1/2 state. Given the single hole in the atomic t52g model, the system is represented
by a simple non-interacting Hamiltonian that reads H = λl · s + ∆l2z , where λ is the atomic SOC and ∆
is the tetragonal crystal field induced by Jahn-Teller distortion. The lowest eigenstate of the single hole is
Kramers doublet, written as
|ψ±〉 =
√
α|lzeff = 0〉|±〉+
√
1− α|lzeff = ±1〉|∓〉, (1)
where |lzeff = 0〉 = |dxy〉, |lzeff = ±1〉 = − 1√2(i|dzx〉 ± |dyz〉), and |±〉 denotes the spin-1/2 spinor.8 Once
Jahn-Teller distortion is dominant (∆  λ), the orbital degeneracy is lifted, and the orbital angular mo-
mentum is quenched; thus, we end up with the spin-only S=1/2 state (α=1) accompanied by the symmetry-
lowering tetragonal distortion, which frequently occurs in 3d transition metal oxides. In the strong SOC
limit, the spin-orbital-entangled Jeff=1/2 state (α=1/3) arises while preserving the cubic symmetry. When
the atomic t52g is embedded in a crystal, two limiting solutions are possible due to the competition between
the Jahn-Teller distortions and SOC (Fig. 1a).
In this work, we demonstrate that the single crystal CuAl2O4 with Cu2+ in tetrahedral sites retains
the cubic symmetry, and represents the strongly correlated Jeff=1/2 Mott phase by hosting the crystalline
version of the atomic t52g model. Spin-orbital entanglement in this weak SOC limit is ascribed to the
tetrahedrally coordinated t52g in the isolated CuO4. Disconnected tetrahedra reduce the bandwidth of 3d-
3orbitals, approaching the atomic t52g limit. Because t2g-orbitals are not directed to the ligands in tetrahedra,
the weak d-p hybridisation in CuO4 reduces the energy gain from the Jahn-Teller distortions and makes its
quenching of the orbital angular momentum unlikely. Cooperating with electron correlation, the Jeff=1/2
ground state from the Leff=1 orbital and S=1/2 spin angular momenta of the t52g configuration are stabilised
even with the otherwise very small strength of the bare SOC λ0 (∼50 meV) of Cu atoms. In the strongly
correlated Jeff=1/2 state, many-body multiplets and a one-particle state appear concurrently in the hole and
electron excitation spectra of CuAl2O4, respectively.
CuAl2O4 is among the rare normal spinel cuprates with Cu at the tetrahedral site (Fig. 1b). We suc-
ceeded in growing CuAl2O4 single crystal of mm size by a flux method (see Methods). Using a high-
resolution single-crystal diffractometer, we carried out Rietveld refinement and confirmed that our single
crystal CuAl2O4 sample forms in the cubic spinel structure with the space group of Fd3¯m (#227) and
a=8.083 A˚, which is consistent with our earlier results from powder samples.24 The square of the structural
factor of each reflection point in Fig. 1c shows good agreement between the observed and calculated in-
tensities. From X-ray diffraction data, we confirmed that there is no tetragonal distortion in CuAl2O4. As
shown in Fig. 1b, the well-isolated CuO4 tetrahedra form a diamond lattice. In the cubic crystal field of
ligand tetrahedra, the d9 electron in the Cu2+ ion fully occupy eg-orbitals, leaving a single hole in the t2g
subshell. There is no common oxygen shared by the neighbouring CuO4 tetrahedra. This drives the system
close to the atomic t52g limit, with a small d-orbital bandwidth and strong electron correlations. The absence
of the Jahn-Teller distortion in its single crystal sample makes CuAl2O4 a promising candidate to host the
Jeff=1/2 state in 3d transition metal oxides.
Our resistivity measurements on CuAl2O4 single crystals show insulating behaviour with an activation
energy of approximately 0.56 eV (see Supplementary Information). In Fig. 1d, we also measured the
magnetic susceptibility χ(T ) and found Curie-Weiss behaviour with ΘCW=-149 K. An effective moment
value is approximately 2.29 µB, which is larger than that of S=1/2 (1.73 µB) and very close to the value
measured in α-RuCl3 (2.20 µB), where the Jeff=1/2 states have been established.6 In Fig. 1e, we show the
magnetic contribution of the heat capacity (Cm/T ) by subtracting the phonon contribution using the Debye
model. Cm/T data exclude any possible long-range order down to 0.5 K other than a broad hump around
2 K. Additionally, as shown in the inset, no anomaly was observed in Cm. Our extensive measurements
using several microscopic techniques support that there is no long-range order down to low temperature.
The large frustration factor, TN/ΘCW >75, and the broad hump in Cm make CuAl2O4 a highly frustrated
system with the diamond lattice. The origin of the frustration can be related to the interplay of nearest- and
next-nearest exchange interactions in a diamond lattice.25
To understand the absence of Jahn-Teller distortion and its physical consequences, we investigated the
4total energy landscape using first-principles density functional theory (DFT) for the Coulomb interaction
U¯ (=U−JH)=7 eV and SOC λ/λ0=1 as a function of volume V/Vexp and tetragonal distortion c/a. As
shown in Fig. 2a, the only stable (and thus global) minimum solution occurs at V/Vexp=1.0025 and c/a=1,
whose structural properties are consistent with single crystal data. The electronic structure and projected
density-of-states (PDOS) of this solution are shown in Fig. 2b. In cubic CuAl2O4, the unoccupied band
above the Fermi level can be perfectly projected onto the jeff=1/2 doublet with α=0.32 in Eq. (1). Since the
unoccupied state in the t52g configuration basically represents a single hole, the electron-addition spectra are
well described by the spin-orbital-entangled doublet. On the other hand, the electron-removal spectra form
a many-body multiplet structure, resulting in the mixture of jeff=1/2 and 3/2 components in the PDOS plot.
This differs from the common expectation for the weakly correlated Jeff=1/2 state, realised, for example,
in Sr2IrO4. The multiplet effects appearing in the electron spectrum of CuAl2O4 become clear in the
dynamical mean field theory (DMFT) calculations shown later.
Even though there is no other stable solution in Fig. 2a, interestingly, the total energy landscape suggests
that a possible Jahn-Teller distorted S=1/2 state may be stabilised under high pressure. At higher pressure,
the Cu-O bond length gets shorter, giving rise to larger crystal field splittings induced by Jahn-Teller dis-
tortions. By constraining the volume decrease by 3%, the S=1/2 state at c/a=0.93 has a lower energy than
the Jeff=1/2 state at c/a=1. Therefore, two distinct Jeff=1/2 and S=1/2 phases can be realised by applying
pressure values in the experimentally accessible range. The electronic structure of the Jahn-Teller distorted
S=1/2 state is shown in Fig. 2c. Due to the large tetragonal distortions, the unoccupied state mostly has the
dxy character with α=0.89.
To understand how electron correlation and SOC affect the ground state of the system, we explored
the phase diagram in CuAl2O4 by plotting α as a function of U¯ and λ (Fig. 3a). For the given value of
U¯ and λ, we calculated the total energy by varying V and c/a to find a global minimum solution. The
phase diagram is divided into blue and green regions that correspond to the spin-orbital-entangled Jeff=1/2
(α ∼1/3, c/a ∼1) and the Jahn-Teller distorted S=1/2 (α ∼1, c/a <1) states, respectively. The competition
between SOC and Jahn-Teller distortion results in the separation of two distinct solutions. As correlation
strength increases, the phase boundary shifts toward the smaller λ, demonstrating that the effective SOC is
enhanced by electron correlation,26,27 and the cubic Jeff=1/2 state is stabilised. In Fig. 3b, the total energy
curves are depicted with a fixed value of U¯ (=7 eV) and varying λ. For small SOC, two local minima
appear in the total energy curves at c/a ∼ 0.93 and c/a ∼ 1, in which the solutions become S=1/2 and
Jeff=1/2 states, respectively. For nominal SOC strength (λ/λ0=0.4), the S=1/2 state at c/a=0.93 has the
lowest energy. Increasing λ stabilises the local minimum at c/a ∼ 1 and simultaneously destabilises the
one at c/a < 1 , leading to a discontinuous transition of the energy minimum from tetragonal S=1/2 to
5cubic Jeff=1/2 states. Similar behaviour occurs in the total energy curves with a fixed λ (=λ0) and varying
U¯ ; increasing U¯ also tends to make the Jeff=1/2 state more stable than the S=1/2 state (Fig. 3c). The strong
electron correlation helps the small SOC of the Cu d-orbital to overcome the Jahn-Teller distortion, enabling
the spin-orbital-entangled ground state.
We also conducted DMFT calculations on top of the DFT-based Wannier Hamiltonian to clarify how
robust the Jeff -ness is under quantum fluctuations. All correlated copper 3d and uncorrelated oxygen 2p-
orbitals were included; the multiplets in the t2g-orbitals near the Fermi level were treated by the DMFT,
while fully occupied eg-orbitals were considered at the Hartree-Fock level. We present the self-consistently
obtained DMFT spectral function and PDOS in Fig. 4a for a realistic parameter set (U=8 eV, JH=1 eV,
and λ=50 meV). First of all, we note that the strong jeff=1/2 hole character is manifested in the DMFT
calculation, indicating that the Jeff=1/2 state is stable with respect to local quantum fluctuations. The states
below the Fermi level, however, exhibit additional dynamic weight transfer originating from multiplets.
Focusing on the t2g manifold just below the Fermi level, the lowest t52g → t42g excitation spectra show a
mixture of jeff=1/2 and 3/2 characters. This reveals a unique signature of the strongly correlated Jeff=1/2
state obeying the LS-coupling scheme, which is distinct from the weakly correlated counterpart.
The weight distribution can be understood by the atomic t52g model with dominating Hund’s coupling
JH  λ in Fig. 4b. The lowest peak below the Fermi level in the atomic model is composed of three
overlapping sub-peak structures, denoted by 3P0,3 P1, and 3P2. Each sub-peak is categorised by either
jeff=1/2 (3P0) or jeff=3/2 (3P1,3 P2); the mixture of the jeff=1/2 and 3/2 components in the lowest hole
excitation shows the close correspondence between the DMFT spectral function and the atomic multiplet
description. (This behaviour becomes even clearer in an independent t2g-only DMFT calculation, excluding
the eg and oxygen contribution as shown in Supplementary Information.) The uniqueness of the excitation
spectra is further highlighted by comparison with the case of iridates. We investigated the t52g atomic
model with a strong SOC regime (λ > JH) that can be compared to the Jeff=1/2 state in 5d iridates.4
(See Supplementary Information for the hole excitation spectrum of the atomic t52g model over the whole
parameter range.) In this strong SOC regime closer to the jj-coupling scheme, electron removal spectra
exhibit two prominent peaks, clearly separated by the large SOC and categorised by jeff=1/2 and jeff=3/2
character, respectively (Fig. 4c). This feature is reflected in previous experimental and theoretical reports in
Sr2IrO4,4,20,28–30 where the DFT single-particle band structure provides a reasonable description given that
multiplet effects are less important in this parameter range.
The DMFT calculations show a genuine Mott insulator without breaking the time-reversal symmetry,
whereas the DFT solution requires symmetry breaking to open a gap. Although the copper network in
this system has a bipartite structure, the paramagnetic ground state persists in the DMFT results. The hole
6weights are equally distributed in the Kramers pair in Eq. (1) for the entire parameter range considered in
this study. Even if we apply a small staggered magnetic field to stabilise an antiferromagnetic order, the
magnetic moment quickly disappears as soon as the staggered field is turned off. The suppression of mag-
netic order may arise from frustration effects, stemming from larger second-neighbour hopping amplitudes
than nearest-neighbour ones.25(See Supplementary Information.) The origin and nature of the nonmagnetic
Mott phase of CuAl2O4 are beyond the scope of the present work. Given the possibility of being extended
to the Jeff=1/2 spin liquid, however, the lack of long-range magnetic order is of great interest, requiring
further study.
Methods
Single crystal synthesis Single crystals of CuAl2O4 were grown using a flux method. Initial raw materials
of polycrystalline CuO (99.995 %, Alfa Aesar) and Al2O3 (99.995 %, Alfa Aesar) were mixed in a 1:1
molar ratio with a sufficient amount of flux, anhydrous sodium tetraborate (99.998 %, Alfa Aesar).31 The
mixture in a platinum crucible was annealed using a ceramic tube furnace flowing under O2 gas. After
annealing up to 1350 ◦C, where it remained for 24 h, the mixture was cooled slowly to 750 ◦C. After
removing the flux by applying diluted HCl ( 17 %), we obtained dark-brown single crystals of CuAl2O4
(inset in Fig. 1c). The crystal size was about 1 mm3 with a typical octahedral shape of spinel-type crystals.
Single-crystal X-ray diffraction We subsequently carried out high-resolution single-crystal diffraction
experiments (XtaLAB P200, Rigaku with a Mo source, λκα=0.710747 A˚) to confirm the Fd3¯m (#227)
cubic phase with a lattice parameter of a=8.083 A˚. The number of total independent reflections was 148.
The observed intensity, F 2obs and the calculated intensity, or square of the structural factor, F
2
calc of each
reflection point were well matched. This led to sufficiently good agreement factors: RF2, RwF2, and RF .
Detailed structural information is provided in TABLE 1 of Supplementary Information.
Bulk properties characterisation The magnetic property of CuAl2O4 single crystal was verified through
a direct current (DC) magnetisation measurement using an MPMS3 system (Quantum Design). The
temperature-dependent magnetic susceptibility was measured under 500 Oe, which was parallel to the crys-
tal axis of (001), using a zero-field-cooled (ZFC) method from 2 to 350 K. The The heat capacity (C) of
the CuAl2O4 single crystal was measured down to 0.5 K using a PPMS-9ECII system (Quantum Design)
equipped with a 3He option. To obtain the magnetic contribution of the heat capacity (Cm), we subtracted
the phonon contributions using two methods: a Debye model was fit with the two Debye temperatures of
484 and 1,089 K, and the other model used experimental data measured on ZnAl2O4, the nonmagnetic
homologue with the same spinel structure. Both methods provided similar results.
First-principles calculations Our total energy and electronic structure calculations were based on DFT
7within the PBEsol functionals,32 as implemented in Elk code.33 Brillouin zone integrations were performed
using 6×6×6 grid sampling; the basis size was determined by RKmax=9.0. We fully optimised the struc-
ture with the force criterion of 5×10−4 eV/A˚. The simplified rotationally invariant DFT+U formalism by
Dudarev et al.34 was adopted in the DFT+U+SOC calculations. It should be mentioned that the calculation
details, such as choice of the double counting term, value of U , etc., may affect the set of the exact parame-
ters that stabilises Jeff=1/2 and S=1/2 solutions. (See, e.g. Fig. 3.) However, for the cubic symmetry with
c/a = 1, as found in our experiment, the Jeff=1/2 state is the ground state. We chose Dudarev’s formalism
with the most reasonable and accepted parameter values (U¯=7 eV) for our calculations, because on the one
hand this approach is well proven, and on the other hand it best described the experiment. More details of
theoretical calculations will be discussed in a separate publication. For the magnetic structure, we employed
a collinear Ne´el antiferromagnetic order in which the moments were aligned along the c-axis.
Dynamical mean-field theory calculations We performed DMFT calculations to investigate multiplet ef-
fects in the single-particle excitation spectra. Maximally localised Wannier functions36 were obtained from
the DFT full Cu 3d+oxygen 2p bands in the absence of U and SOC. As such, SOC and the rotationally in-
variant local Coulomb interaction at each Cu ion were treated by the dynamical mean-field theory (DMFT),
where the double counting correction was applied using the fully localised limit scheme.37 The correlations
involving eg-orbitals were calculated by the Hartree-Fock approximation and the oxygen orbitals were
assumed to be noninteracting. We employed the exact diagonalisation38 (ED) as an impurity solver for
the zero-temperature DMFT calculations. From the DFT-based maximally localised Wannier Hamiltonian,
each Cu site was mapped onto an effective impurity Hamiltonian with 6 correlated t2g-orbitals and 18 bath
orbitals. After the two impurity Hamiltonians were solved independently by the ED, the local Green func-
tion as a 68×68 matrix was updated with two 10×10 self-energy matrices. We used the conjugate gradient
method to obtain new bath parameters that minimised the distance function between the inverse Green
functions defined using fictitious Matsubara frequencies with inverse temperature β=128 eV−1. The DMFT
self-consistency loop was terminated if the bath parameters remained unchanged after the bath fitting.
Code Availability The codes used for DMFT+ED calculations are available from AG upon reasonable
request.
Data Availability The data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.
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Figure 1 | Crystal structure and energy diagram of CuAl2O4.
a, Two possible ground states from the competition between Jahn-Teller distortion (∆) and spin orbit cou-
pling (λ), resulting in Jeff=1/2 and S=1/2 states, respectively. b, The crystal structure of CuAl2O4. The
grey, light blue, and black spheres represent Cu, Al, and O atoms, respectively. The Cu atoms surrounded
by the O tetrahedron form a diamond lattice. c, A Rietveld refinement result of single-crystal X-ray diffrac-
tion data of CuAl2O4 and (inset) a picture of a CuAl2O4 single-crystal. d, Inverse susceptibility (1/χ)
versus temperature of CuAl2O4 taken with an applied field of 500 Oe: the Curie-Weiss fit (line) with the
Curie-Weiss temperature (ΘCW) of -149 K and the effective moment of 2.29 µB/Cu. e, Cm/T (main panel)
and C (inset) as a function of T down to 0.5 K, indicating no signature of magnetic ordering. The Debye fit
of CuAl2O4 and heat capacity of ZnAl2O4 to estimate the phonon contribution are depicted in the inset.
Figure 2 | Total energy landscape and two competing phases.
a, Total energy landscape as a function of V/Vexp and c/a with U¯=7 eV and λ/λ0=1. b-c, Band struc-
ture and projected density-of-states (PDOS) for V/Vexp=1.0025 and c/a=1.00 (b) and V/Vexp=0.970 and
c/a=0.93 (c), corresponding to Jeff=1/2 and S=1/2 states, respectively.
Figure 3 | Phase diagram of CuAl2O4 from density functional theory calculations.
a, The phase diagram as a function of Coulomb interaction (U¯ ) and spin-orbit coupling (SOC) (λ). b-c,
Total energy curve versus c/a with varying U¯ , fixed λ (b) and varying λ, fixed U¯ (c). Different symbols
of each energy curve indicate the corresponding parameters set in the phase diagram (a). Colour schemes
denote α values for given solutions.
Figure 4 |Multiplets in dynamical mean field theory calculations.
a, Spectral weights and PDOS from DMFT calculations for U=8 eV, JH=1 eV, λ=0.05 eV. While the
spectral gap is roughly proportional to U , the splitting of the hole spectra below the Fermi level depends
on λ and JH. Schematic illustration of the single-electron/hole excitation spectra from b, the strongly
correlated (JH  λ) and c, the weakly correlated (JH < λ) Jeff=1/2 ground state. In c, ∆H = 3JH/2 is
used for simplicity.
